Molecular dynamics simulations were used to catalogue atomic scale structures of CdTe films grown on eight wurtzite (wz) and zinc-blende (zb) CdS surfaces. Polytypism, grain boundaries, dislocations and other film defects were detected. Dislocation lines were distributed in three distinct ways. For the growths on the wz {0001} and zb {111} surfaces, dislocations were found throughout the epilayers and formed a network at the interface. The dislocations within the films grown on the wz {1 100}, wz {112 0}, zb {1 10}, zb {010}, and zb { 1 } surfaces formed an interface network and also threaded from the interface towards the film's surface. In contrast, the growth on the zb {112 } surface only had dislocations localized to the interface. This film exhibited a different orientation from the substrate to reduce the lattice mismatch strain energies, and therefore, its misfit dislocation density. Our study indicates that the substrate orientation could be utilized to modify the morphology of dislocation networks in lattice mismatched multi-layered systems.
Introduction
Cadmium telluride (CdTe) thin films are widely used in photovoltaic (Colegrove et al., 2012) (McCandless and Sites 2003) (Okamoto, Yamada, & Konagai 2001) and other optoelectronic applications (Liang et al., 2012) (Brill et al., 2005) (Heiss et al., 2006) due to its low production cost, a desired direct band gap of ~1.5 eV, and an excellent absorption coefficient of 6 × 10 4 m -1 at 600 nm. A variety of methods have been applied to synthesize CdTe films such as molecular beam epitaxy (MBE) (Kim et al., 2004) (Han, Kang, & Kim 1999) , physical vapour deposition (PVD) (Moutinho et al., 2008) , high vacuum evaporation (HVE) (Terheggen et al., 2003) , and close space sublimation (CSS) (Paudel, Xiao, & Yan 2014) . These efforts indicated that due to a large lattice mismatch with the underlying substrate (e.g., CdS), CdTe films always contain a high density of performance limiting lattice defects (Moseley et al., 2014) , including point defects, stacking faults, dislocations, and grain boundaries.
Past efforts (Aguirre et al., 2014) (Cruz-Campa et al., 2012) (Zubia et al., 2007) have focused on reducing defects during the fabrication of the epilayers, although the fundamental mechanisms of defect formation are not well understood. Experimental studies have shown that careful preparation of the substrate surface termination (Myers et al., 1983) and the orientation of the substrate (Smith et al., 2000) (Sarney & Brill, 2004) (Terheggen et al., 2003) can greatly influence the microstructure and the quality of the heteroepitaxial film. However, the high-resolution characterization techniques used to obtain these results are destructive, expensive, and time consuming. For example, transmission electron microscopy (TEM) (Li et al., 2013) ) is effective at revealing two-dimensional (2-D) microstructures with atomic resolution, but cannot provide three-dimensional (3-D) information that determines material properties and defect evolution. Moreover, atomic probe tomography (Kelley & Miller, 2007) (Miller & Forbes, 2009) provides rich 3-D compositional information, but is unable to resolve lattice and defect structure with atomic resolution. Alternatively, atomistic simulations such as molecular dynamics (MD) (Alder & Wainwright, 1959) (Rapaport, 2006) allow virtual experiments that isolate external factors and offer a 3-D analysis of the heteroepitaxial microstructures. More importantly, MD simulations can rapidly generate a large database of atomic scale structures of films as a function of substrate characteristics including all commonly encountered substrate orientations. A similar database may take many years to develop using experiments alone.
In recent years, the present authors have developed a robust MD method capable of simulating the growth of II-VI compounds (Zhou & Ward, 2013) . Based on this MD method, we have discovered and corrected issues of the traditional misfit dislocation theory, designed defect free, nanostructured CdTe/CdS solar cells (Zhou et al., 2015) , and catalogued the atomic scale structures of CdS homoepitaxial films on commonly encountered CdS surfaces without the lattice mismatch effect (Almeida et al., 2016) . In the present paper, we further extend the study to catalogue the atomic scale structures of heteroepitaxial CdTe films on commonly encountered wz and zb CdS surfaces with the lattice mismatch effect. A separate study will also be performed to explore the mechanisms of the observed phenomena. Our ultimate objective is to create a convenient handbook characterizing substrate orientation effects on atomic scale structure of films that can help material scientists interpret experimental observations and reduce defects in multi-layered films via selection of substrate orientations.
Molecular Dynamics Simulation Details
The simulations were performed with the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code (Plimpton, 1995) employing a Zn-Cd-Hg-S-Se-Te Stillinger-Weber potential (Zhou et al., 2013) capable of predicting the crystal structures and defects observed experimentally. The CdTe growth was performed on eight different wurtzite (wz) and zinc blende (zb) CdS substrate surfaces. The wz substrates included; {0001}, {1 100}, and {112 0} surfaces. The zb substrates included; {111}, {112 }, {1 10}, {010}, and 1 surfaces. Here the 1 surface essentially mimics a ~8 o miscut from the {010} surface. The CdS lattice constants were a wz = 4.134 Å and c wz = 6.752 Å for the wz crystals, and a zb = 5.847 Å for the zb crystals. The lattice parameters for wz CdTe were a wz = 4.590 Å and c wz = 7.495 Å, while the zb lattice parameter was a zb = 6.491 Å. These lattice constant values were calculated from time averaged MD simulations of bulk single crystals at 300 K and are in excellent agreement (less than 1% difference) with experimental values (Donnay and Ondik 1973) and molecular statics calculations (Zhou et al., 2013) .
The deposition parameters were selected to ensure crystalline growth based on previous results (Zhou, Johnson, & Wadley, 1997) (Zhou & Wadley, 2000) (Zhou & Wadley, 2001 ) and a complete description of the vapour deposition simulations methods has been discussed previously . Briefly, CdTe growth was simulated at a deposition temperature of 1200 K under isothermal conditions by employing the Nose-Hoover algorithm (Hoover, 1985) . The total deposition time was ~19.6 ns with a deposition rate of ~0.48 nm/ns. Periodic boundary conditions were employed in the x-and z-directions while a free boundary condition was employed in the y-(growth) direction. The adatoms had an incident energy of 5.0 eV and a stoichiometric vapour ratio of Cd:Te = 1:1. During simulations, positions of atoms in the bottom two monolayers of the substrates were fixed to prevent crystal drift due to adatom momentum transfer. It should be noted that the heteroepitaxy growth mechanism differs from that of homoepitaxy due to additional effects from lattice mismatch and chemistry. These effects are taken into account by a high-fidelity interatomic potential. The Stillinger-Weber potential employed in this work ensures the lowest energy configuration of the equilibrium compounds in addition to capturing their lattice constants and cohesive energies.
Following MD simulations of growth, a three-step post-deposition treatment was used to reduce thermal noises and improve the clarity of the data. First, an MD annealing (without adding more adatoms) was performed for ~8 ns to relax the structures. The MD simulation was then continued for another ~8 ns where the temperature was linearly cooled down to 50 K. Finally, a molecular statics energy minimization simulation was carried out to relax the structures at 0 K.
The effect of system size was explored and larger systems (between ~200 Å and ~600 Å in the lateral dimensions) generally captured a better physical description of the material defects at the expense of an increased computing time. In contrast, simulations that are less computationally intensive (< ~100 Å per side) could capture only a few single dislocation segments in general. The heterostructure samples employed had a size of ~215 Å, ~120 Å, and ~160 Å respectively for the x, y, and z dimensions. This system size appropriately captured the dislocation networks studied in this work while consuming an appropriate amount of computing resources.
Analysis of MD Data
The Open Visualization Tool (Stukowski, 2010 ) (OVITO) version 2.5.1 was employed to analyse the MD data and to render the images used in this work. The common neighbour analysis algorithm for diamond structures provided by the tool was used for structural characterization of the simulated films. The dislocation extraction algorithm (DXA) (Stukowski & Albe, 2010) (Stukowski, Bulatov, & Arsenlis, 2012) was used for the identification of linear defects within the data. Two types of dislocation analyses were explored for this study: one assumes a perfect wz lattice and the other assumes a perfect zb lattice. The Burger's vectors assigned to the dislocation segments were given in Miller-Bravais indices for the wurtzite analysis and cubic Miller index format for the zinc blende analysis. The lattice structure analyses results in Figure 1 (a) show that each film contained multiple phase domains, having some amount of atoms associated to wurtzite and zinc blende structures. This polytypism is a common occurrence reported in CdTe films grown using MBE (Smith et al., 2000) , as well as epitaxy using CSS (Al-Jassim et al., 2001) (Yan et al., 2000) . Each simulated film also contained some regions where the structure did not match either the wz or zb lattice structures (unmatched percentages are not shown in the figure) . These unmatched regions arise from other crystallographic imperfections such as point defects (vacancies, interstitials, etc.), grain boundaries, and dislocations. Visualizations of the atomic microstructure revealed that the epilayer grain orientation matched the substrate orientation in all cases except for the growth on the {112 }. The mechanism to form a new growth orientation will be reported in detail elsewhere. Film dislocation densities near the interface (<~100 Å away from the substrate) were also analysed, and the results are shown in Figure 1(b) for all samples. The data indicates that films grown on the hexagonal surfaces ({0001} and {111}) are highly defected. The remaining six surfaces have Vol. 5, No. 3; rectangular geometries. Except for the {112 0} and miscut surfaces, four of the growths on these surfaces clearly had lower dislocation densities when compared to hexagonal surface growths. The lowest dislocation density occurred for the {1 100} substrate. The trends observed in Figure 1 suggest that using rectangular rather than hexagonal substrate surfaces can reduce defect densities. The same trend was observed in MBE CdTe films grown on Si substrates (Terheggen et al., 2003) . This was also observed in theoretical studies employing density functional theory (Yin et al., 2015) and in CdS homoepitaxy via MD (Almeida et al., 2016) .
Results
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Burgers Vector and Dislocation Spatial Distributions
Analysis of the dislocation networks extracted using zinc blende DXA revealed three distinct spatial distribution categories associated with CdS substrate orientations; the {112 } orientation, orientations with rectangular surface geometry ({1 100}, {112 0}, {1 10}, {010}, { 1 }), and orientations with hexagonal surface geometry ({0001} and {111}). These three categories are represented in Figure 2 by the films grown on the {112 }, {1 100}, and {0001} oriented substrates. All the dislocations occurred in the grown films and none were found in the CdS substrates. The first distribution category consists of an interfacial dislocation network with virtually no dislocations in the bulk of the film as shown in Figure 2 (a) suggesting a highly efficient mechanism at relieving lattice mismatch strain. The film grown on the {112 } substrate was the only one that showed this type of dislocation distribution. The Burgers vector of the interfacial dislocations are predominantly 112 Shockley partials (or 1100 for a wz DXA). A small number of 112 dislocations were also detected and are shown in red colour in Figure 2 (a).
The second dislocation category is shown in Figure 2(b) , where in addition to a dislocation network at the interface, a group of dislocations threaded from the interface to the surface. This type of dislocation distribution was observed in the films grown on the {1 100}, {112 0}, {1 10}, {010}, and { 1 } oriented CdS surfaces which possess a rectangular surface geometry. In this case, the Burgers vectors of the interfacial dislocations are roughly an equal mixture of Vol. 5, No. 3; The third dislocation category is shown in Figure 2( full dislocations lie on the closed-packed planes, and their formation is energetically favoured especially in materials with a low stacking fault energy that promote polytypism (Terheggen et al., 2003) . Other types of dislocations were also detected but their densities were significantly lower.
Lattice Structure Morphology
The lattice structures of the CdTe films were further analysed. Figure 3 shows atomistic visualizations of the CdTe/{112 } CdS heterostructure. Figure 3(a) is a cross-sectional view of a ~10 Å slice of the sample where the atoms are coloured according to species (Cd, S, and Te). The ternary CdS y Te 1-y alloy was detected in a 10 Å thick region straddling the interface. The S atoms were observed to diffuse further into the epilayer in comparison to the Te into the substrate, similarly to experimental observations using a TEM equipped with an energy dispersive Xray spectroscopy (EDS) detector (Terheggen et al., 2003) where low concentrations of S were detected to diffuse into the film but no Te diffusion into the substrate. This intermixing behaviour was a trend observed in all eight samples. Figure 3(b) is another cross-sectional view of the same data except that the atoms are now coloured according to their lattice structure. The light blue regions indicate a zinc blende structure and the red regions indicate a wurtzite structure. The orange atoms indicate atoms that could not be matched to either the zb or wz structures. This occurs in defected regions such as point defects (e.g., vacancies and interstitials), surfaces, grain boundaries, and dislocation cores. (Yan et al., 2000) and stacking faults along a direction about ~22° from the interface plane. The majority of the grains have a zinc blende crystal structure. Vol. 5, No. 3; 2016 6 A similar analysis was performed for the CdTe/{1 100}CdS heterostructure in Figure 4 . Figures 4(a) and 4(b) clearly indicate three different regions separated, for example, by the orange atoms in Figure 4 (b). In this case, the orange atoms represent dislocation line cores which begin at the interface and extend to the surface. Point defects were detected within the grains (black arrow in Figure 4(b) ). Figure 4 (c) shows the dislocation network near the interface, in which the line defects connect to form geometries with an area of ~18 Å. This is similar to the phenomenon observed for the {112 } growth in Figure 3 . In contrast, Figure 4 (d) indicates that at ~80 Å away from interface the film consisted of a single wurtzite grain with stacking faults, point defects, and the intersecting dislocation cores (indicated by the black arrows for two cases) from the threading dislocations. Figure 4 . Visualization of the CdTe on wz (1 100) CdS using the same approach described in Figure 3 : (a) front view of the species map; (b) front view of the structure map; (c) plan view of the structure map near the interface, showing a dislocation network; and (d) plan view of the structure map at a location ~80 Å away from the interface, showing polytypism, point defects, and dislocation cores (indicated by black arrows)
The CdTe/ {0001}CdS heterostructure (Figures 5(a) and 5(b)) shows polytypism, stacking faults, point defects, and dislocation cores throughout the film, consistent with the dislocation distribution showed in Figure 2 (c). A polycrystalline network with hexagonal geometry and equal mixture of zb and wz grains is present at the interface with an average grain size of ~15 Å as shown in Figure 5 (c). This is anticipated since the CdS substrate has a hexagonal surface geometry and experimental growths on this surface geometry commonly report polytypism (Smith et al., 2000) (Al-Jassim et al., 2001) (Yan et al., 2000) . However only ~80 Å away from the interface, the hexagonal geometry is replaced by much larger zb and wz grains of ~80 Å nominal size and no remnant of the underlying hexagonal geometry ( Figure 5(d) ). 
Conclusions
Molecular dynamics simulations have been used to analyse CdTe films grown on eight commonly encountered CdS surfaces. The formation of the CdS y Te 1-y alloy was observed at the interface due to multi-layer intermixing in all growths. The lattice structure analysis detected polytypism (coexistence of wurtzite and zinc blende domains) in all samples. Most epilayers had a dominant lattice structure that matched that of its initial substrate, except for the growths on the {112 } and {111} surfaces. Lattice defects (point defects, stacking faults, dislocations and grain boundaries) were also found in all films. The film dislocation density was calculated and the data showed that growths on the hexagonal surfaces ({0001} and {111}) are highly defected. In contrast, four of the growths on rectangular surfaces ( {1 100}, {112 }, {1 10}, and {010}) had lower dislocation densities. The exception were the films grown on the {112 0} and miscut surfaces. These results agree with findings from a surface stability study (Yin et al., 2015) in which density functional theory was employed to explore optimal growth conditions. The dislocation morphology was found to depend on substrate orientation and could be described in three categories. For films grown on the {112 } surface, dislocations were localized to the interface. An additional interesting phenomenon is that unlike other substrate surfaces, the film on the {112 } surface grew in a new orientation different from the substrate. This accounts for the lack of misfit dislocations because the new orientation enables the lattice mismatch strain to be released. For films grown on the {1 100}, {112 0}, {1 10}, {010}, and { 1 } rectangular surfaces, dislocations formed at the interface but also threaded out towards the surface. For the films grown on the wz {0001} and {111} hexagonal surfaces, the dislocations formed a network at the interface and extended throughout the films. Our study indicates that selecting an appropriate substrate orientation could offer some control over defect density and dislocation network morphology that is formed within the epilayer.
